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Introduction
significantly reduced in wt preparations for all progressing ages, and in het / hom fibers between 141 the adult and the senile age group. Maximum attainable force levels were also impeded by age and 142 displayed a significant decline during ageing within each genotype. Particularly hom fibers were 143 already significantly reduced in the adult age cohort, while the still better performing wt and het 144 fibers gradually declined to the level of hom fibers with age. This suggests a pre-aged phenotype in 145 hom fibers regarding maximum contractile forces. The combined differences regarding force ratios 146 were restricted to a significant age-related, genotype-specific decline (Fig. 1D ). 147 To elaborate on the Ca 2+ -sensitivity of the contractile apparatus in single fibers carrying the 148 desmin R349P mutation, pCa-force recordings were performed in single fibers across the three 149 age groups in EDL and SOL muscles, as shown in representative single fiber data traces from 150 each genotype in aged animals (Fig 2A) . The top left panels show how force quickly rises to a new 151 steady-state level in response to increasing Ca 2+ (decreasing pCa) steps. The right panels show the 152 respective average pCa-force of this age group for EDL (left) and SOL (right) muscle along with the 153 average reconstructed Hill fits (Fig. 2B ). The curves in Fig. 2A already suggest a marked left-shift of 154 the sensor-curve in R349P desmin knock-in single fibers over wt, indicative of a myofibrillar Ca 2+ 155 sensitization in presence of mutant desmin. This was also confirmed in the group analysis, where 156 adult hom R349P desmin knock-in EDL single fibers were initially less Ca 2+ sensitive but became 157 more sensitive than the wt in aged animals. Since in senile mice, an age-related Ca 2+ -sensitization 158 was also observed in wt animals, the behaviour of hom fibers can be considered as a pre-aged 159 phenotype towards higher Ca 2+ -sensitivity of the contractile apparatus. This also agrees with wt 160 single EDL fibers reaching their largest pCa 50 value one age bin later than hom fibers. Within the 161 oldest age cohort (senile), all pCa 50 values had finally reached similar levels among genotypes. 162 Unlike EDL, SOL only displayed age-related effects in the wt, with an initial Ca 2+ -desensitization 163 (from the adult to aged animals) that was later revoked in senile animals. Similar to the EDL, adult 164 hom SOL fibers showed yet significantly depressed pCa 50 values, which however, strongly increased 165 in the aged age cohort while wt fibers only matched those high levels in the senile age group (Fig. 166 2B). Het fibers showed similar trends as hom fibers, yet, did not reach statistical significance. The 167 Hill coefficients in EDL single fibers showed no significant differences regarding genotypes while 168 age had a significant influence on het fibers between aged and senile animals. In SOL single fibers, 169 differences were present among genotypes, with lower coefficients values for fibers expressing the 170 R349P mutation (except het adult), while age had a significant influence on wt fibers, leading to 171 a significant increase in Hill coefficients in aged and senile fibers over adult fibers, indicative of a 172 higher dynamic range of the myofibrillar Ca 2+ -biosensor complex. curves of single fibers of each genotype and age group from EDL and SOL muscles. The example 183 traces already suggest that the RLT slope strongly increased with age in single fibers with mutation 184 background, the more so in EDL over SOL muscle. This increase occurred in wt EDL single fibers 185 in a less-pronounced fashion, while it was absent in wt SOL samples, which remained at similar 186 4 of 19 Figure 1. Caffeine-induced force and maximum Ca 2+ -saturated force recorded in permeabilized single EDL and SOL fibers from adult, aged and senile R349P desmin mice. A, representative force recordings in a single EDL (left) and SOL (right) fiber. Group analysis of peak force amplitude during caffeine-release (RS) (B), steady-state maximum force (HA) (C) and respective RS:HA force ratios (D) indicate an overall decrease in SR Ca 2+ -release force during ageing in EDL and SOL, regardless of genotype. Within age groups, RS peak force was significantly larger in hom EDL fibers for the adult and senile groups, while they were similar in SOL. In EDL, there was no difference in maximum attainable force among genotypes regardless of age. Thus, RS:HA force ratios in EDL reflect the pattern-differences of RS peaks, while in SOL fibres, relative force during SR Ca 2+ release over maximum Ca 2+ -saturated force were similar among genotypes and showed a significant decrease with ageing. Significance tested with two-way ANOVA followed by post-hoc analysis (Bonferroni). Numbers in box plots: number of single fibers analysed; also valid for (C) & (D). and SOL (right) fiber for each genotype showing increasing force for each indicated step change in pCa. The mean pCa-force curves alongside with the mean reconstructed Hill fit to the data are shown to the right. The curves display a marked left-shift in the R349P desmin knock-in background. Group analysis of pCa 50 values and Hill coefficients in (B) show a significantly increased Ca 2+ -sensitivity in aged R349P desmin knock-in animals over the wt which is caught up in the senile group. Likewise, in the adult age group, Ca 2+ -sensitivity is similar between genotypes. In EDL, there was a significant trend towards increasing Ca 2+ -sensitivity in the R349P desmin knock-in background with age, while in SOL, significant age-related changes were only observed in the wt. Overall, differences between wt and hom preparations became more distinct with age. Numbers in box plots: number of single fibers analysed. levels independent of age. This is in accordance with a pre-aged phenotype in the R349P mutants 187 regarding axial fiber stiffness. As a measure for steady-state stiffness at the end of the stretch to the 188 140% L 0 length, the maximum restoration force (FR) was analysed in Fig. 3B , statistically confirming 189 the behaviour seen in the examples. In the adult age group, max. FR values were all similar between 190 genotypes. In the EDL fibers, while they all increased with age, they did so more strongly and earlier 191 in the R349P knock-in background, significantly exceeding the wt in the aged group. By the very old 192 senile age, the wt had then caught up with the mutants. Although not significant, the het fibers 193 had smaller max. FR values than the hom fibers. This trend was also seen in the SOL fibers except The compliance plots confirm similar mechanical axial compliance for all genotypes in the adult age 202 group while compliance was significantly reduced in mutant fibers of the aged age group. The wt 203 then declined to similar low compliances as the mutants in the senile age group for EDL muscle 204 fibers, whereas for SOL, compliance remained at high levels.
205 Axial viscosity is unaltered by the R349P mutation in single EDL and SOL fibers 206 While the R349P mutation clearly affects axial elasticity, RLT curves did not provide insights into the 207 biomechanical axial viscosity. Therefore, we used the MyoRobot to perform ultra-fast stretch-jumps 208 such as shown in Fig. 4A for wt adult single fibers from EDL and SOL muscle. Each new stretch 209 jump was answered by an instantaneous restoration force (F ) increase to a maximum, followed 210 by viscous relaxation (F ) to a new steady-state during the 5 s holding phase. Confirming the 211 findings from the slow RLT curves, mutant single fibers had a much higher chance of rupture during 212 these strenuous sudden stretches as compared with wt fibers (Fig. 4B ). The analysis of maximum 213 F amplitudes with stretch bin, reflecting axial elasticity, confirmed the findings from the RLT curves, 214 i.e. higher restoration forces in the mutant background ( Fig. 4C ). However, relaxation force F , 215 representing the difference between maximum F and steady-state F within the same stretch 216 jump, was not significantly different between either genotype or ages ( again in senile mutation-bearing fibers, except for hom SOL fibers. In this context it was even 233 more compelling that mutant fibers performed significantly faster than wt fibers in aged animals. 234 Although v qualitatively showed a similar trend, there were no statistical significances regarding Manuscript submitted to eLife differences comparing young (3 -6 wks) and adult (17 -23 wks) animal Williams et al. (1993) . The 299 recognition of considerable variability in specific isometric force values between study groups has 300 been stated to render comparisons between whole muscles, fiber bundles and single fibers with 301 respect to ageing difficult Brooks and Faulkner (1988) . 302 The important strength of our approach lies in the age-dependent assessment of R349P mutant 303 desmin effects in an age-dependent background which was not available before. One limitation 304 of our MyoRobot system at the time this study was initiated was still the lack of in-built optics 305 to measure the fiber diameter for conversion of absolute force to specific, cross-sectional area 306 (CSA)-normalized force. Towards the completion of data collection for the age-related biomechanics 307 assessment here, ongoing optical engineering in our labs resulted in a more advanced version of 308 the MyoRobot that now contains in-built optics and a CCD camera to capture fiber diameter online. 309 Although this system will be presented elsewhere, the absolute single fiber force levels presented of an additional parallel series elastic element contributing to the axial steady-state compliance. 351 In our SOL single fibers, a similar increase in passive axial stiffness in het and more pronounced 352 in hom R349P desmin knock-in single fibers was seen. This is also much more clear-cut here 353 compared to the presentation in SOL bundles. In the latter, the increase in stiffness with age was 354 mostly seen in hom bundles only, but those being highly statistically stiffer over het R349P and the R349P desmin knock-in background cannot be ruled out and deserves further investigation. 364 Nevertheless, our MyoRobot approach was able to extend our previous knowledge on R349P axial 365 muscle stiffness to single fibers and also including a larger age range extending to the senile stage, 366 not only with regard to the R349P desmin knock-in background, but also in particular including 367 ageing effects in normal muscle. For instance, in both our EDL and SOL single fiber preparations 368 from wt mice, axial compliance increased from the adult to the aged age groups to then remain 369 mostly stationary in the EDL, or they declined again in the SOL within the senile groups (Fig. 3D) . 370 This is in good agreement with a comparative study on tibialis anterior mouse muscle single fibers 371 and small fiber bundles, where single fibers from old mice showed a tendency for reduced elasticity 372 moduli (reflecting smaller stiffness, larger compliance values, respectively, kPa, n.s.) Wood et al. 373 (2014). More strikingly, the researchers showed that intrinsic stiffness of ECM increased with age as force was induced via HA solution for 5 s (Fig. 1) . 520 • Ca 2+ sensitivity of the contractile apparatus, pCa-force curves: The fiber was sequen-521 tially exposed to solutions of increasing Ca 2+ ion concentrations (decreasing pCa values 522 (-log 10 [Ca 2+ ])) for a duration of 20 s (Fig. 2 slope and thus, the inverse of stiffness (Fig. 4) . representative 'slack-test' recordings of a single senile EDL (left) and aged SOL (right) fiber. The 'slack time' was extracted for each 'slack length' and the dL-dt relationship plotted in the right subpanels along with a biexponential fit and a linear velocity approximation in the lower dL (fast) and upper dL (slow) regime. B, group analyses of all single fibers from each genotype and age described by biexponential fit curves. The group analysis of the linear fast (v ) and slow (v ) phase for all fibers of each genotype and muscle is shown in (C). Shortening speed consistently increased in wt fibers with age, while particularly het samples reveal a maximum shortening velocity for aged fibers. In hom fibers, shortening speeds also increased with age and only displayed a single decline for senile EDL muscle. Numbers next to symbol legends: number of single fibers analysed.
